Spelling a word involves the retrieval of information about the word's letters and their order from long-term memory as well as the maintenance and processing of this information by working memory in preparation for serial production by the motor system. While it is known that brain lesions may selectively affect orthographic long-term memory and working memory processes, relatively little is known about the neurotopographic distribution of the substrates that support these cognitive processes, or the lesions that give rise to the distinct forms of dysgraphia that affect these cognitive processes. To examine these issues, this study uses a voxel-based mapping approach to analyse the lesion distribution of 27 individuals with dysgraphia subsequent to stroke, who were identified on the basis of their behavioural profiles alone, as suffering from deficits only affecting either orthographic long-term or working memory, as well as six other individuals with deficits affecting both sets of processes. The findings provide, for the first time, clear evidence of substrates that selectively support orthographic long-term and working memory processes, with orthographic long-term memory deficits centred in either the left posterior inferior frontal region or left ventral temporal cortex, and orthographic working memory deficits primarily arising from lesions of the left parietal cortex centred on the intraparietal sulcus. These findings also contribute to our understanding of the relationship between the neural instantiation of written language processes and spoken language, working memory and other cognitive skills.
Introduction
Acquired agraphia was a topic of intense interest in the early days of modern neurology (Gordinier, 1903) . The major figures of the period-Wernicke, Lichtheim, Hughlings-Jackson, Déjérine, Exner, Charcot, and others-were profoundly interested in determining whether agraphia could dissociate from either spoken language or motor deficits because they understood that the answer to this question would shed light on the brain's capacity to instantiate evolutionarily recent cognitive skills-such as writing-independently of evolutionarily older skills. The debate has continued along similar lines with some researchers recently proposing that neural substrates are repurposed or 'recycled' to specifically support evolutionarily recent skills such as written language (Dehaene and Cohen, 2007) , while others have argued that these skills are entirely parasitic on 'primary' skills (Price and Devlin, 2003) . Although interest in these issues has continued, dysgraphia (we will use the terms 'agraphia' and 'dysgraphia' interchangeably) and written language production have received relatively little research attention from neurology, neuroscience, cognitive science, psychology, or even language pathology. The current study fills an important gap in the existing literature, reporting on a voxel-based lesion mapping analysis of 33 individuals with acquired dysgraphia affecting either only orthographic long-term memory (LTM) (n = 17) or orthographic working memory (n = 10), or both (n = 6). The work is novel in the application of this analytic approach to a substantial number of individuals with well-defined deficits and because of its focus on distinguishing LTM from working memory substrates. The findings provide a robust foundation for understanding the neural bases of the central processes of written language production and the associated dysgraphias, as well as contributing to broader debates regarding the neural and cognitive relationships between written language and other more basic cognitive systems.
The cognitive processes of spelling
Producing written language draws on certain cognitive processes that are not specific to written language. Thus, writing in response to heard speech (e.g. taking a phone message) requires the cognitive and neural machinery of auditory analysis and speech processing (Fig. 1) . Likewise, writing either in response to speech input or to communicate ideas or concepts (e.g. writing a letter) recruits the cognitive and neural machinery for the representation of concepts and word meanings (semantics). Further, all formats for expressing the spelling of words-writing, typing, saying letter names, etc.-recruit motor processes shared by other tasks that use the same muscles. Importantly, however, producing written words additionally involves processes assumed to be specific to written language production, although the question of the 'selectivity' of orthographic processes has been debated (for opposing views see Cohen et al., 2002 and Price and Devlin, 2003) . These core spelling processes can be grouped into central processes [orthographic LTM, orthographic working memory, and phonology-orthography conversion (POC)] and peripheral processes (allographic/letter shape selection and graphic-motor planning). In the literature, orthographic LTM is sometimes referred to as the orthographic lexicon and orthographic working memory as the graphemic buffer.
Spelling a familiar word, regardless of the task or the modality/format of output, involves retrieving orthographic information from orthographic LTM, the repository of memory representations of familiar word spellings. Orthographic LTM spelling representations consist, at a minimum, of letter identities (graphemes) and their order/ position (e.g. L1 + I2 + O3 + N4). It is generally assumed that orthographic LTM representations consist of abstract letter identities, rather than letter names or letter shapes (for a review, see Fischer-Baum and Rapp, 2014) . In addition to spelling familiar words, we are also able to generate reasonable or plausible spellings for unfamiliar or pseudowords (e.g. 'fleem' ! FLEEM, FLEAM, PHLEEM, etc.) and this ability relies on POC processes that use information about the relationships between sounds and letters learned from experiences in spelling words.
Orthographic representations, whether retrieved from orthographic LTM or assembled from POC, are processed by a limited-capacity orthographic working memory system that is not only responsible for the active maintenance of letter identities and their order, but also interacts with the peripheral processes to ensure the correct serial production of the letters. In turn, the peripheral processes produce letters in a specific modality and format and, to that end, select specific letter shapes (case and font) for written spelling, letter names for oral spelling, or hand shape configurations for typing. This information is then used to drive the motor planning/execution processes in the respective effector systems (right or left hand, mouth, etc.).
The dysgraphias
Research on acquired dysgraphias has shown that disruption of different components of the spelling system leads to characteristic behavioural profiles (Buchwald and Rapp, 2009) . Damage/disruption to orthographic LTM results in frequency-sensitive spelling: higher frequency words are spelled more accurately than lower frequency words, presumably because the former have more robust neural representations than the latter due to their higher frequency of use prior to the brain injury. In contrast, for these deficits, the length of words (number of letters) does not affect the likelihood of error. If damage to orthographic LTM occurs in the context of spared POC processes, then the errors produced reflect the operation of the POC system, which processes the stimulus as it would an unfamiliar word. If the target word has only common/regular sound-letter mappings (e.g. 'camp') the POC system will likely generate a correct spelling, whereas if it contains uncommon/irregular mappings (e.g. 'sauce') then a phonologically plausible error (e.g. SOSS) will likely be produced. If orthographic LTM damage occurs in the context of severe damage to the POC system, various error types may be observed, including: semantic errors ('lion' ! TIGER), other words ('lion' ! LINT), pseudowords ('lion' ! LONP) and failures to respond.
The profile for orthographic working memory deficits is markedly different from that of orthographic LTM deficits. Because of the limited capacity nature of working memory systems, damage/disruption to orthographic working memory has properties similar to those observed for working memory deficits in other domains (phonological, visual or spatial) . Namely, orthographic working memory deficits are characterized by sensitivity to the number of items held in orthographic working memory, such that the probability of incorrectly producing a letter increases with the number of letters in the word. These deficits are relatively insensitive to word frequency, although mild frequency effects have been reported (Sage and Ellis, 2004; Buchwald and Rapp, 2009 ). The error profiles are also distinctive, with responses reflecting disruption to letter identity and order, resulting in letter substitutions, deletions, transpositions and additions ('lion' ! LIOT, LIN, LINO or LIONT) that comparably affect both words and pseudowords. Letter substitutions in orthographic working memory do not share visual or motoric features with the target letters (Rapp and Caramazza, 1997) although they do share abstract properties such as consonant/vowel status (Caramazza and Miceli, 1990) , consistent with the fact that the information processed in this system corresponds to abstract graphemes.
These highly characteristic profiles permit the identification of individuals with damage to specific components of the spelling process on the basis of behavioural testing alone and without consideration of lesion locus, allowing for an unbiased selection of cases for the examination of the neural substrates supporting the affected processes.
The neural substrates of core spelling processes Orthographic long-term memory Deficits affecting orthographic LTM (corresponding to the clinical category of surface dysgraphia) are characterized by greater difficulty spelling irregular versus regular words and producing phonologically plausible errors. In a seminal study, Rapcsak and Beeson (2004) examined eight righthanded individuals with left inferior temporal occipital damage and found significant effects of regularity (regular words spelled more accurately than irregular ones) and lexicality (words spelled more accurately than pseudowords). They further found that the most commonly lesioned areas were the left lingual, fusiform and parahippocampal gyri with lateral extension into the inferior temporal gyrus (Tsapkini and Rapp, 2010; Purcell et al., 2014 , and with Kanji-selective agraphia in Japanese (Kawahata et al., 1988; Soma et al., 1989; Sakurai et al., 1994) . Orthographic LTM has also been associated with damage to other neural regions. For example, since the early work of Déjérine (1892) , the spelling of familiar words has been thought to rely on the angular gyrus (Beauvois and Dérouesné, 1981; Roeltgen and Heilman, 1985) . In addition, orthographic LTM deficits have been associated with hypoperfusion or infarct to posterior inferior frontal gyrus [IFG; Brodmann area (BA) 44/45] (Hillis et al., 2002 (Hillis et al., , 2004 .
Existing functional neuroimaging studies of spelling provide converging evidence for the role of both the ventral temporal and posterior IFG sites in spelling, with some findings supporting their specific association with orthographic LTM. Both the Purcell et al. (2011b) and Planton et al. (2013) functional neuroimaging meta-analyses found a consistent association of activation in left ventral cortex and IFG with central spelling processes. Rapp and Lipka (2011) and Rapp and Dufor (2011) provided evidence specifically linking these two regions with orthographic LTM, finding effects of lexical frequency in these two regions, with Rapp and Dufor (2011) additionally finding these areas to be insensitive to word length. Additionally, Matsuo et al. (2001) found greater blood oxygen leveldependent response in the left fusiform region for Japanese Kanji compared to Kana forms (Matsuo et al., 2001) , with the former, but not the latter, requiring orthographic LTM processing.
It is noteworthy that the ventral temporal region is also central to the reading process, and has been referred to as the visual word form area (Cohen et al., 2000) . In fact, several functional neuroimaging studies (Purcell et al., 2011a; Rapp and Dufor, 2011; Rapp and Lipka, 2011) have found that the same ventral temporal and posterior IFG sites are active in both reading and spelling, indicating that orthographic LTM is shared by reading and spelling (for converging evidence from lesion studies, see Rapcsak and Beeson, 2004; Philipose et al., 2007; Tsapkini and Rapp, 2010) .
Orthographic working memory
Very little research, either in the lesion or neuroimaging literatures, has examined the neural substrates of orthographic working memory. Cases of orthographic working memory impairment have implicated the left frontal and parietal lobes, temporal and occipital cortex and the basal ganglia (for a review, see Cloutman et al., 2009) . However, these cases often involved large strokes with multiple cognitive deficits, complicating interpretation. Cloutman et al. (2009) used diffusion and perfusionweighted imaging (DWI/PWI) within 48 h of stroke onset to identify regions that distinguished individuals with orthographic working memory deficits from those without. They found that precentral and premotor areas, postcentral gyrus (BA 4, 6, 2 and 3) and also subcortical white matter underlying prefrontal BA 48 and the caudate were most strongly associated with orthographic working memory impairment. Applying a similar approach, Hillis et al. (2002) found that hypoperfusion of BA 18/19 distinguished between individuals with and without orthographic working memory impairments.
In the only functional neuroimaging study to specifically examine orthographic working memory in spelling, Rapp and Dufor (2011) found that activity in the intraparietal sulcus/superior parietal lobule and posterior superior frontal sulcus/superior frontal gyrus was sensitive to word length but not frequency. Interestingly, it has also been claimed that the left posterior superior parietal cortex is engaged in reading tasks that are either highly attentionally demanding (Cohen et al., 2008) or require serial allocation of attention (Carreiras et al., 2015) .
Phonology-orthography conversion processes
Although POC processes are not a focus of this investigation, we include a brief review as context for the discussion of orthographic LTM and orthographic working memory. POC disruption produces disproportionate difficulties in spelling unfamiliar words or pseudowords compared to words, despite accurate perception of the auditory stimuli. In terms of neural substrates, Henry et al. (2007) found that a group of individuals with perisylvian lesions exhibited greater difficulty with pseudowords than words (clinically referred to as 'phonological agraphia') and that the greatest lesion overlap was in the inferior frontal gyrus/ frontal operculum, precentral gyrus and insula and, to a lesser degree, the superior temporal gyrus and the supramarginal gyrus. Other reports have also implicated posterior perisylvian regions, such as the anterior-inferior supramarginal gyrus (Bub and Kertesz, 1982; Roeltgen et al., 1983; Alexander et al., 1992; Philipose et al., 2007) and the angular gyrus (Hillis et al., 2002; Sheldon et al., 2008) . In terms of the scant functional neuroimaging research on POC processes, Ludersdorfer et al. (2015) reported increased activity in left superior temporal gyrus for pseudoword compared to word spelling. Also, Omura et al. (2004) found that Japanese Kana writing, which relies heavily on POC processes, recruited left pre-motor cortex.
Current study
In sum, there is fairly strong convergence from lesion and functional neuroimaging studies for a role of the left midfusiform/ventral temporal cortex (BA 37) in orthographic LTM processes. There is also some neuroimaging evidence for the involvement of posterior IFG in orthographic LTM, although for this region there is no clear convergence from the lesion literature. With regard to orthographic working memory, the lesion-based evidence is mixed, with most individuals having large lesions; however, the (scant) neuroimaging evidence implicates regions within the left superior parietal lobule and the superior frontal sulcus. The current study addresses these important gaps in our understanding of the neural bases of spelling and dysgraphia by bringing into common registration a substantial number of cases of individuals with well-defined deficits affecting orthographic LTM or orthographic working memory and applying voxel-based lesion mapping methods to identify the neural substrates specifically associated with these processes.
Materials and methods

Participants
The 33 research participants were studied in the laboratories of B. Rapp (n = 25), G. Miceli (n = 5) and A. Hillis (n = 3), over a period of $15 years; the set includes 16 previously unpublished cases (Table 1 ). The inclusion criteria were: (i) behaviourally well-documented orthographic LTM or orthographic working memory deficits, or both; and (ii) structural scanning of sufficient quality for the voxel-based analyses. Importantly, deficit diagnosis was based strictly on behavioural findings and lesion locus was not an inclusion consideration. Consent for research participation was obtained using procedures consistent with the Declaration of Helsinki and approved by the ethical committees of the institutions where the research was performed. Table 1 reports basic participant information: 17 were male, 29 right-handed (one was ambidextrous), education ranged from 8-19 years (junior high school to PhD), and five were native Italian speakers while the rest were native English speakers. Thirty suffered a single left-hemisphere stroke, one had bilateral strokes, and two had tumour resections. Twentyfive were studied in the chronic stage (more than 12 months post-stroke), five within 2-30 weeks of stroke and three within 48 h of stroke. For acute stage cases, the imaging modality was PWI; for all others, either CT, T 1 -or T 2 -weighted MRI scans were used.
Spelling and cognitive profiles
Seventeen participants had documented orthographic LTM impairment (five males), 10 had orthographic working memory impairment (seven males), and six had both orthographic LTM and working memory impairments (five males); these latter cases will be referred to as having orthographic mixed impairment. Table 2 reports data key to documenting the impairments and Table 3 reports performance on other relevant language and cognitive tasks (orthographic LTM: Cases 1-17; orthographic working memory: Cases 18-27; orthographic mixed: Cases 28-33).
As discussed in the 'Introduction' section, disruptions to orthographic LTM and working memory are distinguished by their differential sensitivity to the frequency and length (in letters) of words in spelling. Additionally, these deficits are differentiated by error types, such that for individuals with orthographic LTM deficits (with intact POC processes) errors are primarily phonologically plausible (PPEs) while, in contrast, orthographic working memory deficits result in phonologically implausible errors (e.g. letter substitutions, deletion, insertions and transpositions). Differences across labs, languages and the long time-span of data collection resulted in differences in the behavioural tests and criteria used to identify orthographic LTM and working memory deficits.
With regard to documenting orthographic LTM deficits, Cases 1-5, 8-13 and 17 were identified because they exhibited significant effects of word frequency but not length. Cases 14-16 (corresponding to Cases 1-3 in Hillis et al., 2004) were first determined to have pure agraphia based on the finding of higher than normal error rates in spelling in the context of normal error rates in oral naming, repetition and word comprehension. Orthographic LTM deficits were then identified if, in spelling, individuals exhibited a significant frequency effect, produced PPEs, and spelled pseudowords more accurately than words. Cases 6 and 7 were Italian speakers with orthographic LTM deficits. Because Italian has a highly transparent orthography, most words can be spelled correctly via either the orthographic LTM or the POC systems and, therefore, orthographic LTM impairments in Italian were diagnosed based on their higher than normal rates of PPEs on words with unpredictable sound-letter correspondences (e.g. CUOCO/QUOTA) (Rates of PPEs for Italian neurotypical individuals = 2%). Furthermore it is noteworthy that, as seen in Table 2 , the orthographic LTM group apparently contained two subgroups: those with high accuracy in pseudoword spelling (65-98%) and those with low accuracy (3-29%). This indicates that the latter subgroup likely suffered from an additional severe impairment in POC processes, a hypothesis confirmed by the expected differences between the two subgroups in their rates of PPEs in word spelling (32-100% versus 0-16%, respectively).
Orthographic working memory deficits (Cases 24-26) in Italian were identified by exhibiting a length effect and a predominance of letter errors (substitutions, transpositions, omissions, additions), in the absence of frequency effects. The English-speaking orthographic working memory cases exhibited a significant effect of length but no (or mild) effects of frequency (Cases 18-23 and 27). Overall, the error profile of the orthographic working memory cases was as expected, with the errors consisting primarily of phonologically implausible errors (44-94% of errors).
Orthographic mixed deficits (Cases 28-33) were all identified in the Rapp lab and were included in the study because they exhibited significant effects of both length and frequency.
Establishing good comprehension (semantic representations) of word stimuli strengthens the diagnosis of orthographic LTM and working memory deficits. Word comprehension was generally evaluated with tasks requiring matching a heard word with a correct picture amongst distractor pictures, including: Peabody Picture Vocabulary Test (PPVT; Dunn and Dunn, 1981) , the Pyramids and Palm Trees picture version (Howard and Patterson, 1992) , word/picture matching subtests of the Batteria per l'Analisi dei Deficit Afasici (BADA) for the Italian participants (Miceli et al., 2006) , and also non-commercial word/picture verification tasks. The results (Table 3) indicate word comprehension was within the normal range for all participants in the orthographic working memory group (Cases 18-27) and in the orthographic LTM group (Cases 1-17) except Cases 11 and 17, who did, however, show normal comprehension for concrete/imageable words. The additional cognitive measures reported in Table 3 include digit and spatial span, as well as word reading and picture naming. Digit span was evaluated by verbally presenting increasingly longer strings of digits for spoken repetition. Visual/spatial span was evaluated either with the Spatial Span subtest of the Wechsler Memory Scale (Wechsler, 1997) or the Corsi blocks task (Mueller and Piper, 2014) . Both tasks require participants to observe a subset of a total of 9 or 10 blocks/squares in a display as they are tapped (or highlighted) in a particular order. Set size increases across trials and participants are asked to reproduce each sequence. Reading was evaluated with oral word reading, written word comprehension or written lexical decision tasks. Spoken picture naming was evaluated with a variety of different picture sets.
The results of these additional measures indicate that for the orthographic LTM and working memory groups: spatial span scores were within the normal range (cut-off = 4), digit span was above the 25 th percentile (except for Case 22) and both groups displayed a comparable range of accuracies in reading (orthographic LTM: 43-100%; orthographic working memory: 68-98%). In terms of spoken naming the orthographic working memory showed a somewhat higher accuracy range (72-98%) than the orthographic LTM group (25-100%). It should be noted, however, that it is not appropriate to strictly compare performance across groups in reading and spoken picture naming given the wide range of tasks/stimuli administered. Overall, it is important that low performance on these tasks was not selectively associated with either of the two groups. This reduces the possibility that any areas of lesion overlap identified with a specific group in subsequent analyses (66) reflects differences between the groups in terms of the cognitive functions reported in Table 3 and, therefore, increases confidence that lesion overlap differences are related to the clear differences between the groups in terms of their orthographic LTM and working memory abilities.
Neuroimaging measures and data preprocessing
As indicated in Table 1 , the majority of the structural scans were T 1 -weighted images acquired on a 3 T scanner with a slice distance of 1 mm (20/33 scans); a further 5/33 were obtained from lower resolution T 1 scans with a slice distance of 5-6 mm. When T 1 -weighted images were not available, the following were used: 4/33 participants had CT scans (0.5 to 5 mm slice distance); 1/33 participants had T 2 -weighted images (6 mm slice distance); 3/33 participants had combined PWI/T 2 -weighted scans with PWI slice distance of 7 mm and T 2 slice distance of 2 mm (the latter were used for normalization). For analysis, the slice sets for each scan were stacked into a 3D volume and then re-sliced to a voxel size of 1 mm 3 . These volumes were then reoriented to align with a plane through the anterior and posterior commissures (AC-PC) in order to match the standard template orientation. Although the AC-PC plane was not identifiable in the PWI images, they were transformed in the same manner as their concomitantly acquired T 2 -weighted images.
Lesion identification and normalization
Lesions were drawn in MRIcron by identifying the regions with signal abnormalities (Rorden and Brett, 2000) from the CT, T 1 -or T 2 -weighted image. For lesions identified via PWI, the timeto-peak arrival of gadolinium was identified in each voxel in the infarcted hemisphere; abnormalities corresponded to voxels with at least a 2.5 s delay in the gadolinium arrival time for each voxel compared to the arrival time in an intact region in the contralateral hemisphere (Hillis et al., 2004) ; normalization was performed on the corresponding T 2 -weighted image. Each brain volume was normalized to a standard T 1 -weighted, CT, or FLAIR-T 2 template (Rorden et al., 2012) . To account for lesion-based signal abnormalities during normalization, a cost function masking procedure was used (Andersen et al., 2010) . For this, the lesion volume was first smoothed by an 8 mm full-width at half-maximum (FWHM) Gaussian and then set as an exclusionary mask during normalization procedures such that the transformation parameters were derived from the intact brain tissue only (Brett et al., 2001) . The normalization transformation parameters were then applied to the lesion volumes themselves to obtain lesion volumes normalized to MNI space. The normalized lesion maps were overlaid on a template brain; all voxel coordinates are reported in MNI space.
Statistical analysis of neuroimaging data
First, to provide an overview of the extent and overlap of the lesions for the three deficit groups, overlays of the individual normalized lesion maps for each of the three groups (orthographic LTM, orthographic working memory and orthographic mixed) were generated; these maps were thresholded to only include voxels with a minimum of three lesions. These results are presented in Fig. 2 .
Next, we performed two voxel-based lesion mapping analyses. In Analysis 1, in order to identify the neural substrates selectively associated with orthographic LTM or orthographic working memory deficits we considered the distributions of lesions from all participants, including individuals with mixed deficits. In Analysis 2, for reasons discussed below concerning lesion volume differences, we restricted the analysis to only the lesions from the orthographic LTM or working memory groups.
The goal of the analyses was to determine whether or not each voxel was specifically and significantly associated with one deficit type or the other. For both analyses, the voxel measure was binary (either intact or damaged) and the behavioural measures were also binary (presence/absence of orthographic working memory deficit or working LTM deficit). Rorden et al. (2007) discusses using both continuous and binary behavioural measures for lesion-symptom mapping and the MRIcron software includes a method for analysis of binary datasets amongst the voxel-based lesion-symptom mapping (VLSM) methods. We note, however, that the term VLSM is more typically used to refer to analyses that involve continuous behavioural measures. Therefore, when referring to our analyses, we have not used the term VLSM, but preferred to refer to them simply as voxel-based lesion mapping analyses. Use of this terminology highlights that the statistical testing takes place at the voxel level and that the goal is to understand the relationship between lesions and deficits. For both analyses, we used the non-parametric Liebermeister test, applying the MRIcron 'Nonparametric Mapping (NPM)' tool (Rorden et al., 2007;  http://www.sph.sc.edu/comd/rorden/mricron/). For recent publications that apply this approach see Ptak and Schnider (2010) (n = 20 participants) and Papageorgiou et al. (2012) (n = 30), among others. Additionally, it is worth noting that one major concern regarding lesion-deficit mapping approaches is that the areas identified with a deficit may simply correspond to areas most likely to be lesioned for reasons related to the nature of vascular distribution. However, this concern is reduced because we are performing contrast analyses rather than association analyses. In a contrast analysis it is precisely the voxels that are lesioned in both deficit types that are 'discounted' as they are not specifically linked to only one deficit type. Finally, to control for multiple comparisons, a false discovery rate (FDR) of 0.05 alpha level was adopted and we limited our interpretation to voxels that were damaged in at least 10% of participants and to clusters with an extent larger than 100 mm 3 .
Results
Lesion overlap
For the 17 individuals in the orthographic LTM group ( Fig. 2A) there were two left hemisphere areas with extensive lesion overlap: one in the posterior frontal lobe and another in the ventral temporal lobe. Each of these areas included foci with lesions from at least seven individuals from the orthographic LTM group (depicted in dark orange). Furthermore, there was no spatial overlap between the frontal and temporal lobe lesions, such that no cases with orthographic LTM had lesions affecting both areas. These findings reveal that the orthographic LTM group consisted of two subgroups with distinct lesion topography. For the orthographic working memory group (Fig. 2B) , there was considerable lesion overlap in both the parietal and the superior frontal lobe, with the most densely populated lesions occurring in the parietal lobe, centred on the intraparietal sulcus region (depicted in pink). For the orthographic mixed group, Fig. 2C indicates there are multiple areas of high lesion overlap in both frontal and parietal lobes, including portions of the left inferior frontal gyrus (pars opercularis), middle frontal gyrus, insular cortex, central operculum, supramarginal gyrus and angular gryus. As seen in Fig. 2 , in addition to the apparently spatially distinct sites of lesion concentration for the orthographic LTM and working memory groups, there was also considerable overlap across the orthographic LTM and working memory groups, especially in frontal and anterior parietal areas. This overlap makes it especially important to determine if there are areas within these overlap regions that are selectively associated with each of the deficit types; this question was the focus of Analyses 1 and 2.
Voxel-based lesion mapping analyses Analysis 1
This analysis identified regions associated with either orthographic LTM or working memory deficits based on the lesions of all the participants, including the mixed cases. The results of the analysis, as indicated in Fig. 2D , confirmed the basic distinctions already apparent in Fig. 2A -C indicating different left hemisphere regions associated with orthographic LTM or working memory deficits, with a largely parietal locus associated with orthographic working memory and fronto-temporal sites associated with orthographic LTM. However, before carrying out a more detailed evaluation of these findings, we needed to address a concern common to this type of analysis approach, namely that results can be affected by differences in lesion volumes. To evaluate this possibility, we carried out a comparison of lesion volumes across the three participant groups. The comparison shows that the mean and standard error of the lesion volumes for the individuals with only orthographic LTM and working memory deficits were 63.3 cm 3 [standard error (SE) = 8.8] and 72.3 cm 3 (SE = 13.9), respectively and that these values were not significantly different from one another [t(27) = 0.9, P = 0.5]. In contrast, the individuals with mixed deficits, had significant larger lesion volumes (mean = 169.9 cm 3 ; SE = 46.8) than either the orthographic LTM group [t(21) = 5.57, P = 0.007] or the orthographic working memory group [t(14) = 5.25, P = 0.02]. This analysis raises the concern that some of the effects observed in Analysis 1 could be driven by the inclusion of a set of lesions that were, on average, over twice as large as the lesions in either the orthographic LTM or working memory group. Larger lesion sizes may produce a larger number of different deficits, increasing the possibility that areas of significant overlap in the larger lesion group may reflect additional cognitive deficits outside the cognitive functions of interest. In fact, this possibility is consistent with the observation (Table 3) that the mixed deficit group had generally lower word comprehension and digit span scores than the other two groups. To address these concerns regarding lesion volume differences, we carried out Analysis 2 excluding the orthographic mixed deficit group, focusing instead on the two groups with single deficits and comparable lesion volumes.
Analysis 2
As listed in Table 4 and depicted in Fig. 3 , this analysis identified three clusters selectively associated with orthographic LTM impairment and one cluster specifically associated with orthographic working memory impairment. A comparison of Figs 2D and 3 reveals remarkably similar results, but a number of fairly small clusters observed in Analysis 1 were no longer significant in Analysis 2. While one cannot be sure what these small clusters represent, the fact that they are associated with the set of large lesions indicates that one cannot rule out the possibility that they are unrelated to the spelling deficits.
For each cluster identified, we used the xjview (http:// www.alivelearn.net/xjview8/) matlab toolbox to determine the percentage distribution of each cluster's volume across neuroanatomical regions defined using the Harvard-Oxford Cortical and Subcortical Structural Atlases (http://www. cma.mgh.harvard.edu/). With regard to the three orthographic LTM lesion sites (Fig. 3 and Table 4 ), the largest cluster is centred in the left inferior temporal gyrus extending into the left fusiform gyrus. It is associated with 7/17 of the individuals with orthographic LTM deficits and all of these seven lesions are contained within the left temporal and occipital lobes; we refer to these cases as the orthographic LTM ventral temporal subgroup. In contrast, there is an orthographic LTM frontal subgroup, associated with two clusters: one is centred in the left pars opercularis, extending into the left pars triangularis and the frontal operculum, and another is situated primarily in the central operculum, with a centre of mass that is 40 mm from the pars opercularis cluster. Combined, these two posterior frontal sites are associated with 10/17 of the individuals with orthographic LTM deficits and with all of individuals in the orthographic LTM frontal subgroup. Of the 10 cases with frontal orthographic LTM, four involve both frontal sites, three involve only the IFG and three only the central operculum site. These findings provide clear evidence of the fractionation of the orthographic LTM deficits into (at least) two subgroups based on lesion neurotopography, with lesions centred either in the left inferior temporal gyrus/fusiform gyrus or in the posterior IFG. Whether the two posterior IFG lesion sites should be considered to be further fractionations corresponding to functionally independent deficit loci is unclear given their proximity.
With regard to the neural substrates selectively associated with orthographic working memory deficits, a single large cluster of voxels was identified, affecting left posterior parietal/occipital regions including the angular gyrus, superior lateral occipital cortex and extending inferiorly to include a small portion of the supramarginal gyrus ( Fig. 3 and Table 4 ). Of the 10 individuals with orthographic working memory deficits, all have lesions within the region of significant overlap, and 8/10 have lesions that include the area of peak overlap (À32, À54, 34). Furthermore, none of these individuals have lesions that extend down into the ventral temporal lesion area associated with orthographic LTM ventral temporal subgroup.
A strong prediction from these results is that the orthographic mixed deficit group, because they suffer from both orthographic LTM and working memory deficits, should have damaged voxels within the lesion overlap areas associated with both deficit types. This prediction is upheld: all six of the individuals with orthographic mixed deficits have lesions within the orthographic working memory parietal/ occipital cluster and all six have lesions within the orthographic LTM IFG cluster; in addition, 4/6 in the orthographic LTM central cluster and 4/6 in the superior portion of the inferior temporal gyrus region associated with orthographic LTM.
Discussion
Voxel-based lesion mapping analyses were carried out to characterize the lesion topography of 33 individuals with acquired dysgraphia subsequent to stroke who had been classified, solely on the basis of behavioural criteria, as suffering from disruption to the orthographic long-term and/ or working memory components of the spelling process. The analysis revealed: (i) a distinct neurotopography of lesions producing orthographic LTM and working memory deficits; (ii) fractionation of orthographic LTM into sites in the left ventral temporal cortex and the posterior IFG; and (iii) lesions giving rise to orthographic working memory impairments were centred in the area of the left intraparietal sulcus. These findings serve to clarify and extend the previous literature regarding the neural bases of spelling and dysgraphia and also to address and raise several additional issues.
Relationship of the current findings with previous neuroimaging and lesion-based reports Figure 4 depicts the findings of the current study along with those of a meta-analysis of functional neuroimaging studies of spelling in neurotypical adults (Purcell et al., 2011b; Planton et al., 2013) . As seen in Fig. 4 , there is striking overall correspondence between the results of the neuroimaging meta-analysis and the current voxel-based symptom lesion mapping findings. In fact, each of the four lesion overlap clusters reported in Table 3 has a close correspondence with an activation likelihood peak, with Euclidean distances between them ranging only from 9-28 mm. In addition to the spatial correspondences, there is close correspondence between the functions assigned to these sites from the lesion-based and neuroimaging methods. The left posterior frontal and ventral temporal sites linked to orthographic LTM deficits were associated in functional MRI with the orthographic LTM profile of blood oxygen leveldependent sensitivity to word frequency but not length. Furthermore, the parietal site linked to orthographic working memory lesions was associated in functional neuroimaging with sensitivity to word length but not frequency (Rapp and Dufor, 2011) . In terms of the lesion literature regarding orthographic LTM deficits, the current study provides strong confirmation of previous reports of the relationship between lesions of the left ventral temporal region and orthographic LTM deficits (Rapcsak and Beeson, 2004; Tsapkini and Rapp, 2010; Purcell et al., 2014) . Importantly, the findings also strengthen claims regarding the role of the left posterior IFG in orthographic LTM based on hypoperfusion studies in acute stroke (Hillis et al., 2002 (Hillis et al., , 2004 . Note that while the current study includes three of the five individuals reported in Hillis et al. (2004) , it does not include any from the Hillis et al. (2002) report. In addition to these three, it also includes seven chronic lesion cases of orthographic LTM impairment with frontal lesions. Finally, the findings are consistent with the Rapcsak and Beeson (2004) argument that the angular gyrus may not play a critical role in orthographic LTM, contrary to the long-standing claim based on Déjérine (1892) . Although the absence of findings in the angular gyrus does not rule out that the area may be involved in orthographic LTM, this study actually indicates that lesions in this area are more likely to be associated with orthographic working memory deficits. To account for the longstanding view linking the angular gyrus with orthographic LTM deficits, Rapcsak and Beeson (2004) argued that many of the angular gyrus lesions supporting its association with orthographic LTM extended inferiorly to include regions of the ventral temporal cortex, an interpretation that strengthens the association of ventral temporal areas with orthographic LTM deficits.
With regard to lesion-based evidence of orthographic working memory substrates, as indicated earlier, the evidence is scant and mixed although the parietal site identified in this study has been associated with orthographic working memory deficits in at least some previous reports (Miceli et al., 1985) . In addition, Fig. 2B also indicates considerable frontal involvement in orthographic working memory lesions, even though the statistical analysis did not reveal a selective association within the frontal lobe with orthographic working memory deficits. Nonetheless, the observed lesion overlap is consistent with claims of the role of precentral and premotor areas in orthographic working memory in acute stroke (Cloutman et al., 2009) , with the role of Exner's area in pure dysgraphia and graphic-motor planning more generally (Roux et al., 2009) and with the finding of blood oxygen level-dependent sensitivity to word length but not frequency in superior prefrontal cortex (Rapp and Dufor, 2011) . However, given the considerable lesion overlap in this region between the orthographic LTM and working memory groups, more cases may be needed to identify if there are indeed frontal areas selectively associated with orthographic working memory.
Finally, it is worth mentioning that the findings regarding pseudoword spelling have some relevance to understanding the substrates subserving POC processes. In this regard, while the pseudoword spelling accuracy of the frontal orthographic LTM subgroup included 6/10 individuals with very poor pseudoword spelling (0-29% accuracy), the individuals with the ventral temporal lesions all had good to excellent pseudoword spelling (85-98% accuracy). This suggests that key pseudoword spelling processes are unlikely to be situated within the ventral-temporal lesion region and points, instead, to some role for frontal/perisylvian areas, a finding generally consistent with Henry et al. (2007) . 
Questions of domain and modality specificity in working memory
Phonological and visual working memory processes have been generally linked to the left hemisphere parietal sites associated in this study with orthographic working memory. Specifically, the supramarginal gyrus has been previously associated with phonological working memory (Paulesu et al., 1993) , while the superior and posterior parietal/occipital areas identified in this study have been associated in the functional neuroimaging literature with visual (Todd and Marois, 2004) and spatial working memory (Wager and Smith, 2003) . One account of this association across domains and modalities is that although there are distinct working memory processes, they occupy adjacent parietal subregions, with orthographic working memory constituting a distinct working memory process. Another possibility is that different domains and modalities of working memory are undifferentiated and depend upon a shared function that is distributed across this general area.
While it is beyond the scope of this paper to fully review this issue, there are some behavioural findings from the current study that generally favour the hypothesis of domain-specific working memory processes and substrates. While several of the orthographic working memory cases (Table 3 ) do have somewhat reduced phonological (digit) spans, several do not, indicating that orthographic and phonological working memory deficits do not necessarily co-occur. Similarly, all but two of the cases with orthographic working memory have spatial span scores within the normal range and the average forward spatial span for the orthographic working memory group (4.75) is not different from that of the orthographic LTM group (5.0) (t = 1.05, P 5 0.05). This dissociation of orthographic working memory from spatial working memory is also consistent with claims in the functional neuroimaging literature of reading-specific letter processing in bilateral occipitoparietal cortex (Cohen et al., 2008) and with claims of letter-position working memory coding for visually presented letters in posterior parietal cortex (Carreiras et al., 2015) . Both areas reported in these neuroimaging studies are near (within 1 cm of) the region highly associated with orthographic working memory in the current study. The findings suggest orthography-specific working memory/attentional processes in left hemisphere parietal areas that are generally homologous to right hemisphere areas commonly associated with visual working memory/ attention networks (Wager and Smith, 2003) . For reading and spelling, these parietal orthographic working memory areas may interact with the ventral temporal cortex orthographic LTM region providing the 'topdown' amplification of orthographic information (Cohen et al., 2008) and serially directed attention required for letter selection in production.
The multiple components of orthographic LTM
One interpretation of the fractionation of the lesion loci for the orthographic LTM deficit group into the IFG and ventral temporal sites is that these regions together instantiate a single, distributed orthographic LTM function. Another hypothesis is that the two regions instantiate distinct cognitive functions that both contribute to orthographic LTM with the frontal site involved in cognitive control for lexical orthographic selection and the ventral temporal region responsible for the storage of word spellings. According to the second hypothesis, the two regions would work interactively for the retrieval and selection of word spellings. Generally consistent with this view are claims that the ventral temporal region supports the representation of orthographic word forms in reading (visual word form area) (Cohen et al., 2002; Glezer et al., 2009 ) and serves as the interface between lexical orthographic and semantic information in spelling (Purcell et al., 2014) . The IFG region, on the other hand, has been frequently associated with cognitive control generally, and with word selection specifically (Thompson-Schill et al., 1997; Vuong and Martin, 2011; Harvey et al., 2013) . One specific interpretation of the posterior IFG's contribution to orthographic lexical selection derives from claims of the IFG's role in the perisylvian phonological network (Fiez et al., 2006) . Under that view, the IFG contributes to orthographic lexical selection by providing phonological constraints (Henry et al., 2007) on the selection of orthographic representations in ventral temporal cortex. This view predicts that individuals with orthographic LTM deficits and frontal lesions would necessarily have damage affecting the phonological (POC) processes of spelling. However, as indicated by performance on pseudoword spelling reported in Table 2 , while most of the frontal orthographic LTM group did indeed have POC impairments, at least 3 of the 10 individuals had normal pseudoword spelling performance (Cases 14-16), making it less likely that the IFG's role in orthographic lexical selection is based entirely or necessarily on providing phonological constraints on lexical selection. It does not, however, diminish the possibility that the IFG carries out some type of control in orthographic lexical selection.
While nothing in the current dataset clearly favours one of these specific interpretations of the orthographic LTM lesion fractionation over another, the finding of a fractionation is nonetheless important as it provides a foundation for asking more detailed questions regarding the functional roles of the frontal and ventral temporal areas in spelling.
Conclusion
The neural distribution of lesions selectively affecting orthographic working memory and long-term memory was mapped using voxel-based lesion mapping methods. The results constitute substantial progress in our understanding of the neural bases of the core processes of spelling and how these may be affected in acquired dysgraphia. The findings also have broader implications for our understanding of the relationship between written language processes on the one hand and spoken language, visual and spatial processes on the other.
